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One-step synthesis of graphene oxide-polyamidoamine 
dendrimer nanocomposite hydrogels by self-assembly 
Yongzhe Piao, Tongfei Wu and Biqiong Chen* 
Department of Materials Science and Engineering, University of Sheffield, Mappin Street, 
Sheffield S1 3JD, UK 
ABSTRACT: Graphene oxide (GO)-polyamidoamine (PAMAM) dendrimer nanocomposite 
hydrogels were prepared through one-step synthesis by mixing a GO suspension and a PAMAM 
solution at varying ratio of GO to PAMAM. The materials self-assembled into physically cross-
linked networks, mainly driven by electrostatic interactions between the oppositely charged GO 
nanosheets and PAMAM dendrimer. The chemical structure of PAMAM dendrimer was studied 
by mass spectrometry, nuclear magnetic resonance spectroscopy and potentiometric titration. 
The structure and properties of GO-PAMAM nanocomposite hydrogels were investigated by 
Fourier transform infrared spectroscopy, Raman spectroscopy, X-ray diffraction, scanning 
electron microscopy and rheometry. The nanocomposite hydrogels exhibited a relatively high 
mechanical performance with a storage modulus of up to 284 kPa, as well as self-healing 
property, owing to their reversible and multiple physical cross-links. These hydrogels may be 
further developed for biomedical applications.  
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1. INTRODUCTION 
Hydrogels are attractive for the biomedical field due to their excellent biocompatibility and 
biomimetic microenvironment.1,2 However, conventional hydrogels are commonly fragile and 
involve toxic organic cross-linkers in their synthesis, limiting their applications.  
Graphene oxide (GO) is a two-dimensional nanomaterial, having a high specific surface area,  
high fracture strength and high modulus as well as good hydrophilicity.3 The plentiful amount of 
oxygen-containing functional groups on GO sheets provide easy modification of GO for various 
applications.4,5 Biopolymer surface-functionalized GO nanosheets were reported to be 
biocompatible and non-toxic at low concentrations.6,7 GO has recently been applied to prepare 
polymer nanocomposite hydrogels with improved mechanical performance compared to 
conventional hydrogels,8,9 and various self-assembly approaches were used to prepare physically 
cross-linked GO-polymer nanocomposite hydrogels.10,11 The driving forces to form these 
hydrogels were physical interactions including π-π interaction, hydrogen bonding, electrostatic 
interaction and coordination.12 Shi’s group synthesized a supramolecular GO-poly(vinyl alcohol) 
hydrogel, containing 99.2 wt% water, by self assembly, showing a storage modulus of 0.2 kPa.10 
They also self-assembled a GO-DNA hydrogel with a similar amount of water by a hydrothermal 
method, which showed a storage modulus of about 4.6 kPa.11  Hydrogels self-assembled by 
mixing GO and cationic polymers in water were later also reported by others.13-15 GO-polyamine 
hydrogels, including tris(aminoethyl)-amine, spermine, and spermidine, were formed driven by 
electrostatic interaction (mechanical properties not shown).13 GO/branched polyethylenimine 
(PEI) hydrogels were reported for organic dye removal and wastewater treatment (mechanical 
properties not shown).16 We reported that GO-gelatin nanocomposite hydrogels having 98 wt.% 
water exhibited a storage modulus of 115 kPa.14 GO-chitosan hydrogels with 99.4–99.5 wt% 
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water were reported as broad-spectrum adsorbents for water purification, possessing a storage 
modulus of 10–400 kPa.15 A much lower value of 0.7 kPa for a GO-chitosan hydrogel was 
reported by another group,17 despite of a lower water content  (91.7 wt%). This was presumably 
owing to the different synthesis method utilized for the latter and the lower concentration of GO 
(0.3 wt%) in the final hydrogel compared to that (0.5 wt%) in the former. While possessing 
attractive properties such as stimuli-responsiveness10,14 and self-healing,11 the above self-
assembled hydrogels were generally still weak, limiting them to be applied to broader fields, e.g. 
load-bearing soft tissue engineering.  
Dendrimers are a type of organic molecules which are highly branched and monodisperse.18 
Polyamidoamine (PAMAM) dendrimers have been widely studied in the biomedical field due to 
their low cytotoxicity, controllable size and easy functionalization.19 Chemically crosslinked 
collagen scaffolds with incorporation of amine-terminated PAMAM dendrimer were reported, 
where the dendrimer was used as an additional cross-linker to improve their mechanical 
properties.20 A number of PAMAM-poly(ethylene glycol) hydrogels were investigated for 
versatile biomedical platforms, in which PAMAM was the primary building component.21,22 
Recently, Wang and co-workers23 developed mouldable hydrogels with 94.5–97.7 wt% water 
using clay and a dendritic molecular binder, showing storage moduli of 30–500 kPa. The 
pronounced mechanical property was ascribed to strong electrostatic interactions between the 
two building components and the high density of cross-linking sites of dendritic molecules.23 
This implied self-assembly of GO and PAMAM dendrimer could also lead to mechanically 
strong nanocomposite hydrogels due to the multiple oxygenated functional groups and excellent 
mechanical properties of GO sheets. 
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The combination of PAMAM dendrimers and graphene derivatives has been introduced to 
develop hybrid nanomaterials in different forms. Reduced GO (RGO) nanosheets modified by 
PAMAM dendrimers were reported for catalysis.24,25 RGO-PAMAM-silver nanoparticles were 
prepared for electrode applications and biosensing.26 PAMAM-modified GO nanosheets and 
GO-PAMAM composites, showing an excellent adsorption ability, were investigated for 
removing heavy metal ions from waste water.27,28 GO and hyperbranched dimethylolpropionic 
acid polyester-toughened poly(acrylic acid) hydrogels with high water absorption ability and 
excellent mechanical properties were also reported.29 PAMAM dendrimers have an advantage 
over linear chain polymers on hydrogel gelation, because they have much more functional 
end groups available for cross-linking and so the cross-linking density of the resulting 
hydrogels are expected to be higher and hence their mechanical performance.30 In 
addition, the dendrimers could be readily modified to modulate the chemical, physical 
and biological properties where necessary.21 In the current work, physically cross-linked GO-
PAMAM nanocomposite hydrogels were prepared through a simple self-assembly approach, and 
their structure, rheological properties, formation mechanism and self-healing property were 
investigated. 
2. EXPERIMENTAL 
2.1 Materials. Graphite powder (particle size ˂ 20 μm), concentrated sulphuric acid (98%), 
hydrochloric acid (35%), potassium permanganate, sodium nitrate, hydrogen peroxide (30%), 
ethylenediamine (EDA) (≥ 99.5%), methanol (≥ 99.9%), methylacrylate (MA) (99%) and 
deuterium oxide (D2O) (99.9 atom% D) were all obtained from Sigma-Aldrich Corporation. 
2.2 Preparation of PAMAM dendrimer G4.0. The PAMAM dendrimer Generation 4.0 
(G4.0) was prepared following a method described in the previous literature.31 Briefly, an EDA 
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methanol solution was prepared and cooled down to -20 °C using an ice bath, to which 
methanolic MA was added drop-wise under agitation. The resultant solution was reacted at 25 °C 
for 2 days and at 40 °C for 4 days. The excess MA and solvent were removed by vacuum 
distillation below 40 °C, leading to a half-generation dendrimer (multi-ester).32  Then the multi-
ester methanol solution was prepared and cooled down to -20 °C. The solution was slowly added 
to the pre-cooled EDA methanol solution, which was kept below -10 °C. The resulting solution 
was allowed to react at 25 °C for 2 days and at 40 °C for 4 days, followed by removal of the 
excess EDA and solvent. As a result, a pale amber-coloured syrup, a full-generation dendrimer,32 
was obtained. This whole process was further replicated four times to achieve the PAMAM 
dendrimer G4.0 for subsequent studies.  
2.3. Preparation of GO-PAMAM nanocomposite hydrogels. GO was prepared using 
graphite following a modified Hummers’ method,33,34 and purified and freeze-dried.14 
GO-PAMAM nanocomposite hydrogels were synthesized by one-step self assembly. 
Typically, a PAMAM water solution (0.5 mL) with a desired concentration was added 
drop by drop into a GO suspension (5.5 mL) under stirring to form a hydrogel in about 30 
seconds. Two sets of hydrogels were prepared. In one set, the GO concentration in the 
hydrogel was 10 mg mL-1, and the PAMAM concentration varied as 0.5, 1, 5, 10, 20 and 
30 mg mL-1. In the other set, PAMAM was kept at 10 mg mL-1, while GO varied as 6, 8 
and 10 mg mL-1. The hydrogel products were denoted as GmDnH, in which m and n 
defined the concentrations of GO and PAMAM, respectively. 
2.4 Characterization. The dendrimer (5 mg mL-1) was dissolved in D2O and analysed on a 
Bruker DRX-500 (500 MHz) nuclear magnetic resonance spectroscopy (NMR) at 25 °C for 1H 
with the solvent proton signal as an internal reference. The spectrometer was equipped with an 
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inverse geometry 5 mm VSP probe with a single z-gradient. The operation software version was 
TOPSPIN 1.3. The mass spectrum of the PAMAM dendrimer was obtained on a Bruker Reflex 
III MALDI-TOF mass spectrometer. The matrix solution was sinapic acid (10 mg mL-1) in 
acetonitrile: water: trifluoroacetic acid (weight ratio, 50: 50: 0.1). The concentration of PAMAM 
dendrimer in the matrix solution was 1 mg mL-1. Before testing, the mass spectrometer was 
calibrated with the matrix solution containing known peptides. Titrations were performed on a 
Multiparameter (SevenExcellenceTM) and an INLAB Expert Pro-ISM pH electrode (Mettler 
Toledo) at ambient temperature (23 ± 1 °C) in nitrogen environment. PAMAM dendrimer (13 
mg) was dissolved in a 10 mL 0.1 M NaCl solution. 0.1001 M HCl and 0.0999 M NaOH were 
used for forward and back titrations, respectively. GO (40 mg) was dispersed in 10 mL 0.1 M 
NaCl solution by 30 min sonication before the suspension was tuned using the standard NaOH 
solution to pH = 10, and then titrated by the standard HCl solution to pH = 2.30. The titrant was 
added by 0.03 mL portions using a pipette (Eppendorf Research Plus, Eppendorf, 
Germany).  Laser scattering particle sizing was performed on a Coulter LS130 (ranging from 
0.1 to 900 μm) by 3 runs with graphite powder and fully exfoliated GO nanosheets in an aqueous 
suspersion (0.5 mg mL-1) respectively. 
Fourier transform infrared spectroscopy (FT-IR) was conducted on an IR Spectrometer 
(Spectrum 100, Perkin Elmer) with a resolution of 4 cm-1. Raman spectra were recorded on a 
Raman Spectroscope (Renishaw inVia) equipped with a laser with an excitation wavelength (λ) 
of 514.5 nm and operated at 1.0 mW. Samples were placed onto a clear glass plate. The spectra 
were acquired by accumulating three acquisitions of 10 seconds with a 50× objective. X-ray 
diffraction (XRD) curves were obtained on an X-ray diffractometer (STOE STADI P) with Cu 
Kα1 radiation (λ = 0.15406 nm) at 35 mA and 40 kV. The scan speed was 0.27 o s-1 and the step 
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size was 0.03o (2θ). Scanning electron microscopy (SEM) was achieved with an Inspect F SEM 
(FEI) at an accelerating voltage of 10 kV. Freeze-dried samples were used for these structural 
and morphological analyses; the hydrogels were pre-frozen at -30 °C for 24 h, and then 
lyophilized at -10 °C for 48 h in a FreeZone Triad Freeze Dry System (Labcoco Corporation). 
Before SEM analysis, the fracture surfaces of the freeze-dried GO and GO-PAMAM 
nanocomposite hydrogels were coated with gold using an Emscope SC500A sputter coater. The 
pore sizes were averaged from at least 40 pores using ImageJ software. Rheological tests were 
performed on an MCR 301 rheometer (Anton Paar) using 25 mm parallel plates. The sweep 
range of angular frequency was between 0.1 and 100 rad s-1. The strain was set at 0.1% within 
the linear viscoelastic zone, while the test gap was fixed at 2.0 mm. 
3. RESULTS AND DISCUSSION 
3.1 Characterization of PAMAM dendrimer G4.0. Synthesis of the PAMAM dendrimer 
was a two-step process, using an initiator core, EDA. After a continuous process, the PAMAM 
dendrimer with –NH2 terminal groups was obtained. The chemical shifts in the 1H NMR 
spectrum (500 MHz, D2O) of the prepared PAMAM dendrimer (Fig.1) appear at δ = 2.36 (Hc), 
2.55 (Ha and He), 2.66 (Hg), 2.75 (Hb), 3.18 (Hf) and 3.22 ppm (Hd), which can be identified with 
the protons assigned with the same letters in the theoretical PAMAM dendrimer fragment. These 
chemical shifts are consistent with the results reported in the previous papers,35,36 initially 
verifying the molecular structure and confirming the successful synthesis of the PAMAM 
dendrimer G4.0. 
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Figure 1. 1H NMR spectrum of the PAMAM dendrimer G4.0 and peak assignments corresponding to the 
protons denoted in the fragment of a PAMAM dendrimer. 
The molecular weight of the PAMAM dendrimer G4.0 prepared, determined by mass 
spectrometry (MS), is 9,534 Dalton (Fig. 2(A)), which is lower than the theoretical value of 
14,196 for PAMAM dendrimer G4.0 with an ideal structure.31 The deviation of the resultant 
molecular weight from the original synthesis design was presumably due to incomplete Michael 
addition, intramolecular cyclization, and fragmentation arising from the retro-Michael reaction.31 
This deviation could also be partially attributed to the measurement system as reported in the 
literature.37  
Curve a in Fig. 2(B) shows that the PAMAM dendrimer is basic (pH = 9.26) in an aqueous 
solution (1.3 mg mL-1) before titration. The turning points during the back titration (curve b) 
show the distinctive start and end points of protonation, which is consistent with the previous 
report31 for PAMAM dendrimers. According to the first derivative peaks, the start and end points 
of deprotonation are at pH = 4.05 and pH = 7.51 for tertiary amines and at pH = 7.51 and pH = 
10.51 for primary amines, respectively. Because the geometric structure of the PAMAM 
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dendrimer G4.0 is globular, only the peripheral primary amine (–NH2) groups can participate in 
electrostatic attractions with GO sheets. The number of –NH2 groups present in the dendrimer 
can be calculated according to the consumption of OH– ions during deprotonation of –NH2 
groups and the molecular weight estimated from MS.38 Considering the minimum volumetric 
addition (0.03 mL) during the titration, the number of –NH2 groups in our PAMAM dendrimer is 
46 ± 2. This number is lower than the theoretical value (64) of PAMAM dendrimer G4.0, 
because of the defects and incomplete reactions as described earlier.31 
     
Figure 2. (A) MALDI-TOF mass spectrum of PAMAM dendrimer G4.0. (B) Potentiometric acid-base 
titration of PAMAM. The forward titration (curve a) and the back titration (curve b) were performed 
using a 0.1001 M HCl solution and a 0.0999 M NaOH solution, respectively. 
3.2 Characterization of GO. The GO nanosheets used to synthesize the nanocomposite 
hydrogels have been measured by atomic force microscopy (AFM) and thermogravimetric 
analysis (TGA) in our previous work.14 The single GO nanosheets have a thickness of 1.0 nm 
and a typical length of one to several microns14 (with a new AFM image shown in the inset of 
Fig. 3(A)). The content of the oxygenated groups in GO was approximately 55 wt% according to 
TGA analysis.14 As shown in Fig. 3(A), the raw material, graphite powder, was measured to be 
between 1.8 and 50 μm in particle size. The majority of the GO nanosheets range in size from 
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2.2 to 20 μm with a mean of 5.5 μm. This laser sizing measurement records the hydrodynamic 
diameter of particles by assuming these particles are spherical in shape. The result of GO 
titration is shown in Fig. 3(B). The titrant (HCl) consumption is mainly attributed to the 
protonation of carboxyl groups and hydroxyl groups.39 The start point of protonation (at pH = 
8.24) is attributed to hydroxyl groups while the end point (at pH = 4.76) is due to more acidic 
carboxyl groups. However, there is no clear transition point between the two steps, probably 
because of the surface heterogeneity of GO.39,40 This result indicates that the GO suspension is 
negatively charged above pH = 4.76.  
          
Figure 3. (A) Laser scattering particle sizing profiles of (a) graphite powder and (b) GO nanosheets in an 
aqueous solution, with an inset of the tapping mode AFM topographic image of two layers of GO; (B) 
Acid-base titration of GO using a 0.1001 M HCl solution. 
3.3 Characterization of GO-PAMAM nanocomposite hydrogels. The GO-PAMAM 
nanocomposite hydrogels with a fixed concentration of GO were prepared by adding a small 
portion of a PAMAM solution into an aqueous GO suspension under stirring. Stable hydrogels, 
G10D1H, G10D5H, G10D10H and G10D20H, were formed and confirmed by the tube inversion 
test41 (Fig. S1). Incorporation of less PAMAM dendrimer, G10D0.5H, failed to form a hydrogel, 
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but a sol (Fig. S1). FT-IR spectra of graphite,14 GO,14 neat PAMAM and lyophilized GO-
PAMAM nanocomposite hydrogels are presented in Fig. 4(A). Graphite (curve a) only possesses 
a weak peak at 3400 cm-1 from O–H stretching of residual water.14 GO (curve b) shows the 
absorption peaks of C=O (1731 cm-1), C=C (1619 cm-1), C–O–C (1276 cm-1) and C–O (1050 cm-
1), as well as O–H (3200–3400 cm-1).14,42 The spectrum g has typical characteristics of PAMAM: 
the vibration peaks for C=O stretching (1631 cm-1), C(O)NH (1545 cm-1),  C–H stretching (2933 
cm-1), as well as N–H stretching of primary amine (3263 cm-1) and anti-symmetric substituted 
primary amine (3071 cm-1).43 This further confirms that the PAMAM dendrimer was 
successfully synthesized. After incorporation of PAMAM, the C=O peak of GO (1731 cm-1) 
diminishes, and vanishes completely in G10D20H (curve f) and G10D30H (curve g) containing 
67 wt% and 75 wt% PAMAM, respectively. This may be explained by the transformation of 
carboxyl groups of GO to carboxylate complex with the amino groups of PAMAM.44,45 
Emergence of the C(O)NH bending at 1545 cm-1 and C=O amide I vibration at 1631 cm-1 in 
curves b-e for the nanocomposites also confirms the incorporation of PAMAM into the 
hydrogels.  
Fig. 4(B) illustrates Raman spectra of the samples. The intense G band at 1580 cm-1 in the 
spectrum of graphite (curve a) is ascribed to in-phase vibration of the E2g mode of graphite 
lattice, while a small D band at 1353 cm-1 is contributed to the A1g mode.14,46 After oxidation and 
exfoliation, both bands turn broader (curve b). The intensity ratio (ID/IG) increases significantly 
from 0.08 for graphite to 0.79 in GO,  implying a much higher degree of lattice disorder and 
defects in the latter.14,47 Furthermore, the G band of graphite moves to 1598 cm-1, and a new D' 
band at 1620 cm-1 appears in GO, because of the isolation of double bonds from higher-energy 
functional groups in GO sheets.14,47 GO-PAMAM nanocomposite hydrogels possess similar 
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spectra (curves c-g) to GO. With an increasing PAMAM content, the G band gradually shifts 
from 1598 cm-1 in GO to 1587 cm-1 in G10D30H, attributable to the charge transfer from 
PAMAM to GO sheets.11,14 These results indicate the electrostatic attractions between GO and 
PAMAM. 
          
Figure 4. (A) FT-IR and (B) Raman spectra of (a) graphite,14 (b) lyophilized GO14 and GO-PAMAM 
nanocomposite hydrogels: (c) G10D1H, (d) G10D5H, (e) G10D10H, (f) G10D20H, (g) G10D30H, and 
(h) neat PAMAM dendrimer. 
Fig. 5 depicts XRD traces of the samples. Graphite shows a sharp peak at 26.4° corresponding 
to an interlayer distance (d002) of 0.34 nm.14 After oxidation, a typical diffraction peak of 
graphite oxide is observed at 10.6° corresponding to a d002 of 0.83 nm, ascribed to the formation 
of oxygenated groups on graphene.14,48  However, the GO diffraction peak disappears in the 
XRD traces of lyophilized GO-PAMAM nanocomposite hydrogels, indicating an excellent 
dispersion and exfoliation of GO in the nanocomposites, noting the high contents of GO in the 
nanocomposites.14,49 
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Figure 5. XRD traces of (a) graphite,14 (b) lyophilized GO,14 and lyophilized GO-PAMAM 
nanocomposite hydrogels: (c) G10D1H, (d) G10D5H, (e) G10D10H, (f) G10D20H, and (g) G10D30H. 
The interior morphologies of the lyophilized samples were investigated by SEM, as shown in 
Fig. 6. The nanocomposite hydrogels possess interconnected open porous microstructures which 
vary with the PAMAM content. The morphology of the nanocomposite with the least PAMAM 
(G10D1H in Fig. 6(B), average pore size: 6.1 ± 2.5 μm) has the least change compared to the 
structure of the lyophilized GO suspension (Fig. 6(A)). In contrast, more changes occur to 
G10D5H and G10D10H which exhibit much smaller pore sizes (2.4 ± 1.2 μm and 2.0 ± 0.9 μm, 
respectively). At higher PAMAM contents, G10D20H (pore size: 3.4 ± 1.6 μm) and G10D30H 
(pore size: 4.9 ± 2.2 μm) show significantly different morphological profiles, with more integral 
and less porous structures. G10D30H possesses less uniform porous structure than G10D20H, 
presumably due to the higher dendrimer content. Excess dendrimer may cause inhomogeneous 
cross-linking between GO and PAMAM in the hydrogel, leaving some regions with more solid 
contents than others. The porous structure of the hydrogel plays an important role in influencing 
its mechanical properties, which is discussed further subsequently.  
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Figure 6.  SEM images of lyophilized (A) GO suspension and GO-PAMAM nanocomposite hydrogels: 
(B) G10D1H, (C) G10D5H, (D) G10D10H, (E) G10D20H, and (F) G10D30H. 
The hydrogel network is assembled by physically cross-linking positively charged PAMAM 
dendrimer (mainly –NH2 groups) and negatively charged GO nanosheets (mainly carboxyl 
groups). Based on the consumption of the acid or the base by GO or PAMAM during their back 
titrations (as shown in Fig. 3(B) and Fig. 2(B)), the ratio of the charge moles per unit weight 
between GO and PAMAM, is calculated to be 0.6. The –NH2 groups at the edge of globular 
PAMAM becomes protonated by –COOH groups from GO, leading to strong electrostatic 
attractions between the two materials and the formation of a robust hydrogel (Scheme 1). The 
charge capacity ratios of GO to PAMAM in the hydrogels are 6/1, 6/5, 6/10, 6/20 and 6/30 for 
G10D1H, G10D5H, G10D10H, G10D20H and G10D30H, respectively. Since G10D0.5H cannot 
form a hydrogel, 6/1 is considered as the approximate critical gelation ratio for this system. As 
expected for many physically cross-linked hydrogels these GO-PAMAM nanocomposite 
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hydrogels demonstrated self-healing capability, and the self-healing process was relatively fast 
(Fig. S2) due to the multiple physical crosslinks, e.g., electrostatic interactions.50 
                     
Scheme 1. Illustration of 3D-network GO-PAMAM nanocomposite hydrogel formed mainly by the 
electrostatic attractions between the deprotonated carboxyl groups of GO and protonated amino groups of 
PAMAM. 
Rheological measurements (Fig. 7) show that storage moduli (G') and loss moduli (G") of 
GO-PAMAM nanocomposite hydrogels are nearly independent of angular frequency between 
0.1 and 100 rad s-1, confirming the highly elastic characteristic of the hydrogels.11 Furthermore, 
G' is about one order higher than G" and the damping factors (tanδ) are almost independent of 
frequency, suggesting the formation of stable hydrogels (Fig. 7(B) and 7(D)).51 Comprising the 
least PAMAM concentration of 1 mg mL-1, G10D1H has a storage modulus of 17 kPa at 10 rad 
s
-1
. The storage modulus of G10D5H, 42 kPa, is 147% higher than that of G10D1H. A more than 
5-fold increase is seen in the storage modulus of G10D10H (108 kPa) compared with that of 
G10D1H, and more significantly, an about 16-fold increase is found for G10D20H with a storage 
modulus of 284 kPa. This signifies that up to a certain concentration of PAMAM (20 mg mL-1) 
the hydrogel becomes more elastic with increasing PAMAM content; a higher fraction of 
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PAMAM results in more effective cross linkages which significantly improves the elasticity of 
the three-dimensional network. However, a further increase of PAMAM content sees a decrease 
in the storage modulus to 128 kPa for G10D30H, which may owe to its less uniform porous 
structure compared to G10D20H as discussed previously. Containing 97 wt.% water, G10D20H 
is still impressive in its mechanical property; the presence of copious cross-linking points on 
every GO nanosheet and every PAMAM macromolecule (shown in Scheme 1), leads to the 
strong cross-linking interactions.  
To examine the influence of GO on the viscoelastic parameters, rheological measurements 
were also undertaken on a series of hydrogels with various GO contents at a fixed concentration 
of PAMAM (20 mg mL-1). In Fig. 7(C), the results show a monotonous rise in the storage moduli 
of the hydrogels with increasing GO content to 10 mg mL-1, being 12, 44 and 284 kPa for 
G6D20H, G8D20H and G10D20H, respectively. A higher GO content (12 mg mL-1) resulted in 
an unsuccessful preparation of hydrogel, which was observed during experiments due to the poor 
dispersion of GO nanosheets in the mixture (not shown). An increase in the GO content by 67% 
from G6D20H to G10D20H leads to an enhancement in the storage modulus by 23-fold. In 
contrast, an increase in the dendrimer content by 19-fold from G10D1H to G10D20H only 
induces an increase in the storage modulus by 16-fold. It is also noted, by comparing G10D10H 
or G10D5H with G6D20H, and G10D10H with G8D20H, that while the total content of GO and 
PAMAM in the hydrogel is lower, the hydrogel containing a higher content of GO shows a 
higher storage modulus. All of these results (Table 1) suggest that GO with a higher modulus 
than PAMAM contributes more significantly to the storage modulus of the nanocomposite 
hydrogel.14 Beside the content, the characteristics of GO, e.g., the lateral size and oxidation 
degree, will also influence the mechanical performance of the nanocomposite hydrogels. For 
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instance, a decrease in the lateral size of GO nanosheets leads to a lower aspect ratio, which 
makes GO less efficient in reinforcing polymers.52 It may also impact the dispersion of GO and 
the cross-linking density, again influencing the mechanical performance of the hydrogel. 
Similarly, a change to the oxidation degree of GO may affect the dispersion and cross-linking 
density as well as the mechanical properties of GO.  
The highest storage modulus of 284 kPa reported herein for GO-PAMAM nanocomposite 
hydrogels is 247% of the highest modulus (115 kPa) for self-assembled GO-gelatin 
nanocomposite hydrogel,14 and 165% of the highest value (172 kPa) for the reduced GO-gelatin 
nanocomposite hydrogels53 previously reported by our group. The storage moduli of these GO-
PAMAM nanocomposite hydrogels are comparable to the values (10–400 kPa) of the GO-
chitosan hydrogels reported by other researchers.15 Both GO and PAMAM dendrimer possess 
abundant functional groups which induce multiple strong cross-links on each GO nanosheet and 
each PAMAM macromolecule. Furthermore, the inherent high stiffness of GO also contributes to 
the high mechanical properties of the hydrogels effectively. 
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Figure 7. (A) G' (solid), G" (hollow) and (B) tanδ of GO-PAMAM hydrogels: G10D1H, G10D5H, 
G10D10H, G10D20H and G10D30H. (C) G' (solid), G" (hollow) and (D) tanδ of GO-PAMAM 
hydrogels: G6D20H, G8D20H and G10D20H. 
The cross-linking density (N) and the number average molecular weight of the polymer chains 
between two neighbouring cross-links () are important parameters of a hydrogel,54 Assuming 
GO-PAMAM hydrogels are homogeneous Gaussian networks,14,53 these parameters can be 
calculated from the static shear modulus (G) data according to the rubber elasticity theory 
(Equation 1).55 
                                      =  =
	


(1 −


)                                                                    (1) 
Here, c is the polymer concentration in the hydrogel, R gas constant (8.31 m3 Pa K-1 mol-1), T 
absolute temperature (298 K),  M molecular weight of the polymer (9,534 for the PAMAM 
dendrimer) and k Boltzmann constant (1.38065 × 10-23 J K-1). We previously deduced the 
relationship between G and G' (Equation 2)14,53, based on the empirical correlation between static 
Young’s modulus and dynamic Young’s modulus56 and the relationship between shear modulus 
and Young’s modulus57. 
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where υ is Poisson’s ratio, for which 0.5 is used.58 By inserting the known data into Equations 1 
and 2, N and  for the hydrogels are calculated and shown in Table 1. 
Table 1. The rheological and cross-linking data of GO-PAMAM nanocomposite hydrogels  
Sample 
PAMAM  
(mg mL-1) 
GO  
(mg mL-1) 
Storage modulus, 
G' (kPa) 
Cross-linking 
density,  
N (×1023 m-3) 
Number average 
molecular weight, 
  (g mol-1) 
G10D1H 1 10 17 26.0 221 
G10D5H 5 10 42 64.2 426 
G10D10H 10 10 108 165.1 338 
G10D20H 20 10 284 434.2 262 
G10D30H 30 10 128 195.7 771 
G8D20H 20 8 44 67.0 1299 
G6D20H 20 6 12 18.8 2703 
 
As shown in Table 1, N raises from 26.0×1023 m-3 for G10D1H to 434.2×1023 m-3 for 
G10D20H, having the same varying trend as that for G'.    values are calculated to be 221, 426, 
338 and 262 g mol-1 for G10D1H, G10D5H, G10D10H and G10D20H, respectively. For those 
hydrogels with a fixed PAMAM content, N enhances from 18.8×1023 m-3 to 67.0×1023 m-3 and 
434.2×1023 m-3 for G6D20H, G8D20H and G10D20H, respectively. Correspondingly,   drops 
from 2,703 to 1,299 and 262 g mol-1. The results illustrate a structure-property correlation that 
the hydrogel with a higher modulus possesses a higher cross-linking density, which is consistent 
with the literature.14,53 
4. CONCLUSIONS 
GO-PAMAM dendrimer nanocomposite hydrogels with different concentrations of GO and 
PAMAM were synthesized through self-assembly in one step. The multiple electrostatic 
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interactions between GO sheets and PAMAM molecules, determined by FT-IR and Raman 
spectroscopy, provided the driving force for network formation.  
These strong interactions rendered the nanocomposite hydrogels a high mechanical 
performance, with a storage modulus of up to 284 kPa at 10 mg mL-1 GO and 20 mg mL-1 
PAMAM. At a fixed GO concentration (10 mg mL-1), the storage modulus improved with 
PAMAM content first and then dropped under the studied range (up to 30 mg mL-1). The critical 
concentration for PAMAM to construct a self-assembled GO-PAMAM nanocomposite hydrogel 
at this GO concentration was approximately 1.0 mg mL-1. In contrast, the modulus of the self-
assembled GO-PAMAM hydrogel increased with increasing GO content up to 10 mg mL-1 at a 
fixed PAMAM content of 20 mg mL-1, after which a hydrogel could not be formed. Compared to 
PAMAM, GO contributed more significantly to the storage modulus of the nanocomposite 
hydrogel. This kind of GO-PAMAM nanocomposite hydrogels could be explored for soft tissue 
engineering and drug delivery applications. 
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